Abstract. The structure and function of longleaf pine savanna ecosystems is regulated by cyclic fire, yet there is a lack of understanding about how the frequency of fire influences longleaf pine ecosystem energy dynamics. There are further uncertainties in how predicted changes in temperature and precipitation may affect the interaction between fire and energy exchange in these ecosystems. We investigated energy dynamics in three frequently burned longleaf pine ecosystems along a gradient of soil moisture availability using eddy covariance techniques. We analyzed sensible energy (H ), latent energy (LE) and soil heat flux (G) over time since fire, using micrometeorological variables as covariates. Based on statistical tests of autocorrelation, data were analyzed as 30-day averages with general linear models. Over three years of measurement, we found that sensible energy, latent energy and soil heat flux recovered to pre-fire rates within one month following prescribed fire. Changes in water availability associated with drought over the study period had a stronger influence on energy dynamics than did fire. When precipitation was near long-term averages, annual evapotranspiration (ET) was 743, 816 and 666 mm y À1 at the mesic, intermediate and xeric sites, respectively. During extreme drought, annual ET decreased 4 and 7% at the xeric and intermediate sites, to 754 and 642 mm y
INTRODUCTION
Frequently burned savannas cover nearly 1/6 of the earth's surface (Grace et al. 2006) and play an important role in the global hydrologic cycle (Shukla and Mintz 1982) . Changes in water availability can cause alterations in fluxes of sensible energy (H) and latent energy (LE), and if changes to water availability are persistent, largescale shifts in forest cover could result (Sankaran et al. 2005 ). In addition, anthropogenic changes in land use can lower water tables and reduce water available to vegetation, which, in turn, can affect ecosystem exchange of sensible and latent energy (Nichols 1994 , Elmore et al. 2003 , Cooper et al. 2006 . Hence, fluxes from land surfaces and vegetation can profoundly impact atmospheric circulation and precipitation patterns on multiple scales (Shukla and Mintz 1982 , Beringer et al. 2003 , Loescher et al. 2006a , Lynch et al. 2007 ), creating possible feedbacks exacerbating water limitation. Changes in vegetation and land cover due to altered water availability could also have further effects on energy partitioning by altering fire frequency and intensity in savanna ecosystems.
Fire affects energy dynamics in terrestrial ecosystems with the reduction of albedo due to deposition of black carbon and through the consumption of leaf area. Reduction in albedo increases energy absorbed into the ecosystem, and reductions in leaf area alter H, LE and soil heat flux (G) through the ecosystem (Beringer et al. 2003 , Jin and Roy 2005 , Massman et al. 2008 . Following fire in Australian eucalypt savannas, Beringer et al. (2003) found that an approximate 50% reduction in albedo was associated with a nearly four-fold increase in the Bowen ratio (b ¼ H/LE). The effects of fire on H and LE have been extensively studied in ecosystems that are affected by catastrophic wildfire (Liu et al. 2005 , Goulden et al. 2006 , but savannas, which have a fundamentally different relationship with fire, have received relatively little attention. In contrast to ecosystems affected by catastrophic wildfire, savannas tend to burn more frequently (1-10 year fire return intervals), and at lower intensity. Because of these factors, these ecosystems recover more quickly following fire (Lavoie et al. 2010 , Whelan et al. 2013 . In savanna ecosystems, fire induced changes to energy dynamics may be minimal because fires rarely cause overstory mortality or significant rates of leaf loss Pederson 1996, Hoffmann et al. 2003) , however this has not been tested in the longleaf pine ecosystem.
Water availability also affects ecosystem energy dynamics throughout the fire cycle. Water availability can directly affect energy dynamics by altering Bowen ratios. Fires reduce both leaf area and albedo, which decrease ET and increase heating at the soil surface, and result in increased H flux (Liu et al. 2005) . As ecosystems recover lost leaf area, albedo increases and Bowen ratios decrease (Beringer et al. 2003) . Water availability is a primary influence on longleaf pine ecosystem productivity (Mitchell et al. 1999) , and governs the rate of leaf area recovery in these savannas, which will ultimately affect their energy balance.
In terrestrial ecosystems, ET is the process that links water in the biome to the atmosphere, and is directly affected by soil water availability (O'Grady et al. 1999 ) and land cover Clark 2002, Liu et al. 2005) . Soil water availability exerts control on ET rates by influencing the composition, structure and function of overlying vegetation (Oliveira et al. 2005) . Further, decreased soil water availability actuates stomatal response to rising vapor pressure deficit (VPD) and lowers ET rates for longleaf pine (Addington et al. 2006) . Fire also affects soil water availability by influencing water uptake by the ecosystem. Reduction of leaf area and blackening of the soil surface following fire decreases soil moisture by increasing energy absorption and evaporation from the soil (Iverson and Hutchinson 2002) . However, there have been few investigations that explore the effects of soil water availability on ET in frequent fire savanna ecosystems.
Longleaf pine grasslands on the southeast coastal plain of the United States occur over an ecological gradient of soil water holding capacity from xeric sandhills to mesic flatwoods, and are maintained by frequent fire, every 1-3 years (Mitchell et al. 1999 ). This makes longleaf pine an ideal model ecosystem to investigate the complex interactions between energy exchange and cyclic fires. In this study, we used eddy covariance and meteorological measurements to answer the following questions about how frequent fire and water availability affect energy exchange in longleaf pine savannas along an edaphic soil moisture gradient. 1a) How does soil water holding capacity in longleaf pine woodlands influence the partitioning of energy between latent, sensible and soil heat fluxes? 1b) Do the same environmental variables drive the energy exchange in these v www.esajournals.org ecosystems with varying soil water holding capacity? 2a) What are the effects of frequent fire on energy partitioning and ecosystem water balance over multiple fire cycles? 2b) Does soil water holding capacity affect energy partitioning before and after each fire in a similar manner across the edaphic gradient?
MATERIALS AND METHODS

Study site
The study was conducted at the Joseph W. Jones Ecological Research Center located on the southeast coastal plain in southwest Georgia, USA (31.22018 N, 84.47928 W) . The climate is classified as humid subtropical and the area receives an average of 1310 mm of precipitation spread evenly over the year (Christensen 1981) . Long-term normal monthly air temperatures range from 9.68C in January to 27.68C in July (NCDC 2011).
Three study sites were selected based on differences in soil water holding capacity. The xeric site is characterized by deep sandy soils that are classified as typic quartzipsammants and have no argillic horizon in the upper 300 cm. These soils are excessively well-drained and have a water holding capacity of 18 cm (Goebel et al. 2001) . The intermediate site is characterized by loamy sand over sandy loam soils with an argillic horizon with 165 cm of the soil surface. These soils are classified as typic hapludults or typic, arenic and grossarenic paleudults. Soils at this site are well-drained and have a water holding capacity of 38 cm in the upper 300 cm of soil (Goebel et al. 2001) . The mesic site lies on sandy loam over sandy clay loam or clay soils that are classified as arenic paleudults. These soils are somewhat poorly drained and have an argillic horizon within 95 cm of the soil surface. The soil water holding capacity at the mesic site is 40 cm of water in the upper 300 cm of soil. The small differences in soil water holding capacity at these sites lead to large differences in vegetation structure and species composition .
The xeric, intermediate and mesic sites are all dominated by an open canopy of longleaf pine in the overstory and wiregrass (Aristida beyrichiana Trin.) in the understory, but the abundance and composition of secondary species varies at each site ). This longleaf ecosystem is a savanna system with densities of ;130-190 trees ha À1 . The understory at the xeric site has a larger oak component relative to the other sites. The scrub oak species Quercus laevis Walt. and Quercus margaretta Ashe occur mainly in the understory, but occasionally grow into midstory. The overstory at the intermediate site has little intrusion by oak species, but the midstory and understory are populated at low densities by Q. incana Bartr. and Q. margaretta. Of the three sites, the mesic site has the lowest relative abundance of oak. Instead, the common persimmon (Diospyros virginiana L.) is found as a shrubby component of the understory (Goebel et al. 2001) . Leaf area index (LAI) ranged 0.65-1.1 and 0.22-0.39 m 2 m À2 , for the mesic and xeric sites respectively (Addington et al. 2006 ). These sites have been previously described by Mitchell et al. (1999) , Kirkman et al. (2001) , Ford et al. (2008) , and Starr et al. (2014) .
Prescribed fire
Each site was burned by prescribed fire in January 2009 and again in March 2011. Specific fire dates were January 12, 14, and 23 in March 14, 8, and 16 in 2011 for the mesic, xeric and intermediate sites, respectively. Prior to this study, these sites were all on a two-year burn cycle. The xeric and mesic sites were previously burned in winter 2007, but the intermediate site was previously burned only one year prior to this study in winter 2008. Backing fires were initiated on the downwind side of each site to form a buffer between the management units and downwind firebreaks. Strip head fires were then set every 30-50 m (depending on local fire conditions) starting on the downwind side of the management unit and moving upwind (Hiers et al. 2009 ). This study did not contain a ''control site'' (no fire), as removal of fire from the ecosystem for as little as 3 years results in alteration of the structure and function of the forest such that comparison is invalid (Glitzenstein et al. 1995) .
Eddy covariance and micrometeorology
In the summer and early fall of 2008, identical sets of eddy covariance (EC) and micrometeorological instrumentations were installed at each (Clark et al. 1999 , Clark et al. 2004 , Loescher et al. 2006b ). H is calculated in W m À2 , and C p is the specific heat of air (J K À1 kg À1 ). The overbars in Eqs. 1a and 1b are time-averaged covariances. T s and three-dimensional wind speed were measured with a three-dimensional sonic anemometer (CSAT3, Campbell Scientific, Logan, UT) and water vapor was measured with an open-path infrared gas analyzer (IRGA; LI-7500, LI-COR, Lincoln, NE). To minimize distortion of airflow between the two instruments, the IRGA and sonic anemometer were placed 0.2 m apart. These data were logged at 10 Hz (faster rates than the speed at which the mass and energy was being transported; Loescher et al. 2006b ) on CR-3000 dataloggers (Campbell Scientific) 
Data processing and gap filling
Raw EC data were processed using EdiRe (v.1.4.3.1184; http://www.geos.ed.ac.uk/abs/ research/micromet/EdiRe), which carried out a 2-d coordinate rotation of the horizontal wind velocities to obtain turbulence statistics perpendicular to the local streamline. The covariance between turbulence and scalar concentrations was maximized through the examination of the time series at 0.1-s intervals on both sides of a fixed lagtime (in this case, ;0.3 s). Because of the relatively short roughness lengths and uniform canopy structure at these sites, we assumed that the influence of coherent structures and low frequency effects were captured by this approach. Fluxes were calculated for half-hour intervals and then corrected for the mass transfer resulting from changes in density not accounted for by the IRGA (Webb et al. 1980 , Massman 2004 . Barometric pressure data were used to correct the fluxes to standard atmospheric pressure.
Flux data screening was applied to eliminate 30-min fluxes resulting from systematic errors such as: (1) rain and condensation in the sampling path, (2) incomplete 30-min datasets during system calibration or maintenance, (3) poor coupling of the canopy with the external atmospheric conditions, as defined by the friction velocity, u*, using a threshold ,0.20 m s À1 (Goulden et al. 1996 , Clark et al. 1999 , Loescher et al. 2006b ), and (4) excessive variation from the half-hourly mean based on an analysis of standard deviations for u, v, and w wind and v www.esajournals.org CO 2 statistics. Quality assurance of the flux data was also maintained by examining plausibility tests (i.e., LE , À90 and LE . 750 W m À2 ), stationarity criteria, and integral turbulent statistics Wichura 1996, Foken and Leclerc 2004) .
Missing half hourly LE and H data were gapfilled using two separate simple linear regression models (Gholz and Clark 2002) . On a monthly basis, simple linear regressions were fit to the data for LE or H against R n (Gholz and Clark 2002 ). Half hourly LE, H, and G estimates were used to generate summed pre-and post-fire, and annual values for descriptive statistics. Gap-filled data accounted for 49%, 40%, and 49% of the values for mesic, intermediate and xeric sites, respectively. A bootstrap method was used for error estimation of gap-filled H and LE values. Synthetic datasets (1000) of size n (with replacement) were generated from the original dataset of size n for each estimated monthly gap-filling linear regression model following Jiminez et al. (2012) . Distributions of each model parameter were constructed, which were then checked to ensure that the model parameters derived from the original data were contained within a 95% confidence region (Appendix : Tables A1 and A2) .
ET was calculated from LE and latent heat of vaporization measurements made at each site using the following equation:
where ET is estimated in mm, q w is the density of water (kg m À3 , where by definition 1 g water ¼ cm À3 ). ET was summed daily and annually, and averaged pre-and post-fire and seasonally to assess changes in water cycling.
Data analyses
Energy balance closure was evaluated on a monthly basis by plotting the daily sums of H and LE vs. the difference R n À G, and fitting a first-order linear regression. Because the strong temporal autocorrelation inherent in EC data would lead to violations in the assumptions necessary to test general linear models of H, LE and G, half-hourly data were averaged over various timespans and Durbin-Watson tests for autocorrelation were computed as a preliminary analysis step. The Durbin-Watson test statistics indicated that thirty days was an appropriate time scale for analysis (i.e., the shortest time period that did not have significant autocorrelation). Accordingly, the following analyses were performed on data averaged over 30-day periods.
General linear models (GLMs) were utilized to identify variables that explained significant variation in response variables for energy flux (LE, H and G) and b. In a first step simple models were estimated with a categorical variable for site and fire cycle time (FCT), and their interaction as the only predictor variables. FCT 1, 2, and 3 represented the first, second and third 30-day periods following fire, respectively, FCT 4 the next 90 days, and FCT 5 the next 180 days. The category for ''pre-fire'' corresponded to the last 420 days before the second fire and the approximately 90 days before the first fire, as the three towers had all just become operational. Because these simple models may confound the effects of time since fire with season, a second set of models were estimated to evaluate the contributions of micrometeorological variables; statistical models were expanded to include continuous explanatory effects for albedo, T air , VWC, VPD and wind speed (WS), and categorical variables for site and fire cycle time (FCT). R n was not included as an explanatory variable, since it was used to gap-fill some of the data. In these expanded GLMs, we started with models that included all simple effects and applicable interactions, and successively dropped the least significant effects until only significant ( p , 0.05) effects remained.
Because these response variables represent a system of inter-related environmental quantities, multivariate analysis of variance (MANOVA) tests were performed to answer questions about the overall FCT effects for the suite of responses. Three MANOVA test criteria were evaluated: Wilk's Lambda, Pillai's Trace, and the HotellingLawley Trace. All three test the significance of an independent variable on any of the response variables. Model assumptions of normality and homoscedasticity were evaluated graphically with plots of residual versus predicted values. R-squared values were calculated to evaluate model fit. To ascertain the magnitude and direction of significant interactive effects, least square means were calculated and post-hoc v www.esajournals.org multiple comparisons were made via the Scheffe test.
To examine seasonal variation in energy partitioning, we compared b and ET among sites, among years, and between the summer and winter seasons. We estimated a GLM separately for ET and b, which included categorical variables for site, season (summer and winter), study year, and their interactions.
RESULTS
Environmental variables
R n and T air were similar among sites and followed a seasonal pattern (Fig. 1a, b) . Lower albedo resulted in slightly higher R n at the mesic site than at the xeric and intermediate sites (Fig. 1a, e) . Over the study period, the mean monthly minimum T air was 6.78C at the mesic site in December 2010, and the mean maximum air temperature was 28.08C in July 2010 at the xeric site (Fig. 1b) . VPD was similar among sites and was also generally higher in the summer than in the winter (Fig. 1d) . VWC followed a seasonal pattern that was opposite that of R n , and T air and VPD had maxima in the winter and minima in the summer. VWC was consistently lower at the xeric site than at the intermediate and mesic sites (Fig. 1c) . Over the first year of the study, VWC was higher at the mesic site than at the intermediate site, but over the final two years of the study, drought conditions persisted and VWC at the mesic site was often lower than at the intermediate site (Fig. 1c) . Albedo was more variable seasonally and was consistently higher at the xeric site than at the intermediate and mesic sites (Fig. 1e) . During the first year of the study, annual precipitation was near the longterm average (Table 1) ; however, it successively decreased during the last two years of the study. During the final study year, total annual precipitation was less than 60% of the long-term average at all sites (Table 1) . Although the study sites are within 5 km of one another, there was a difference in precipitation among sites (Fig. 1f ).
Seasonal and annual energy partitioning
LE, H and G were greatest at all three sites during the summer and lowest during the winter (Fig. 2) . LE fluxes dominated total energy flux in the summer, but during the winter, LE and H fluxes were nearly equal (Fig. 2) . Summertime LE was lower at the mesic site than at the other two sites (Fig. 2) . As drought increased during the second and third years of the study, H became a larger proportion of total annual energy flux at all sites (Fig. 2) . Over the study period, LE accounted for a larger proportion of the energy budget at the intermediate site (51%) than at the xeric and mesic sites (47% and 43%, respectively). H accounted for a smaller proportion of the energy budget and was more similar among sites (32%, 32% and 31% at the xeric, intermediate and mesic sites, respectively). G made up a smaller fraction of the total energy budget than did H or LE at all sites. Over the study period at the xeric, intermediate and mesic sites, G accounted for 12%, 9% and 8% of the energy budget, respectively. In addition, we calculated the energy balance closure to be 81%, 84%, 76% for the xeric, intermediate and mesic sites, respectively (Fig. 3) .
Fire and environmental drivers of energy flux
Site and time since fire category were only able to explain 23% of the variation in LE, 30% of the variation in H, 34% of the variation in G, and 20% of the variation in b across all three sites. Site was not a significant predictor of any of the response variables in these simple models; however time since fire was significant for all response variables (Table 2) . LE decreased slightly in the first 30 days after fire, increased significantly through FCT 4 (180 days post-fire), and then decreased to near pre-fire levels (Fig. 4a) . H increased gradually through FCT 3 (90 days post-fire), and then decreased to pre-fire levels (Fig. 4b) . G increased gradually through FCT 4 (180 days post-fire), and then decreased to below pre-fire levels (Fig.  4c) . While b was on average highest in xeric and lowest in mesic sites through FCT 2 (60 days post-fire), these site differences were not significant. The b on average declined through FCT 4, remained relatively constant during FCT 5, and never returned to pre-fire levels (Fig. 4d) . The MANOVA test for overall effects of site and FCT were both significant ( p , 0.05 for each multivariate test criteria). Thus, there was an overall effect of site on the group of response variables, indicating that these variables as a group were significantly different by site.
Adding additional predictor variables to the v www.esajournals.org model of LE increased the proportion of variance explained to 82%. The most significant predictor of LE was T air , followed by VWC and albedo; each of these predictors was positively associated with LE, indicating increases in these predictors increased LE (Table 3) . Adding these variables also rendered FCT insignificant in the model.
The addition of predictor variables to the model of H increased its proportion of variance explained to 78%. The most significant predictor of H was VPD, followed by WS and FCT (Table  3) . While increases in VPD increased H, increases in WS decreased H (heat dissipation). As in the simple model with site and FCT only, H increased gradually through FCT 3 (90 days post-fire), and then decreased, but with all other variables at their average levels, values of heat in FCT 4 and 5 (.90 days post-fire) were significantly lower than those of pre-fire (Fig. 5a ). With the additional variation explained by these variables, site was indicated as a significant predictor of H; the mesic site had the lowest average values of G, given all other variables in the model were at their averages, and the intermediate and xeric site had increasingly higher values, respectively. Adding additional predictor variables to the model of G increased the proportion of variance explained to 79%. Similar to the model of LE, the most significant predictor of G was T air , followed by VWC and albedo, and each of these predictors was positively associated with G (Table 3 ). Unlike the model of LE, adding these variables to the model of G did not affect the significance of FCT in the model. When considering all other variables in the model to be constant at their average values, a sharp increase occurred in G in the 30-days post fire, with a gradual decrease over the FCT values. The average value of G at FCT 5 (.180 days post fire) was lower level than that of pre-fire (Fig. 5b) .
The addition of predictor variables to the model of the b increased the proportion of variance explained to 59%. The most significant predictor of the b was T air , followed by VPD, VWC and WS; while VPD was positively associated with b, each of the other predictors was negatively associated with b (Table 3) . Adding these variables also rendered FCT insignificant in the model.
The MANOVA test for overall effects of site and FCT were both significant ( p , 0.05 for each multivariate test criteria). Thus, given the presence of additional environmental predictor variables, there was an overall effect of site on the group of response variables, and time since fire on the group of response variables. We can therefore infer that despite the lack of consistent effects of site and FCT, H, LE, G, and b were significantly different by site and by time since fire.
Bowen ratio by season
Bowen ratios varied between the summer and winter seasons, and among years and sites (Table  4) . Although in the summer of 2011, b was approximately 50% of the winter value at the xeric site and only ;25% of the winter value at the intermediate site, models indicated that there was no statistically significant difference in b among sites (Table 5) . The b was, however, significantly lower during summer versus winter (Table 5) . Annual b increased with drought each year of the study period, and b were significantly higher in 2011 than during 2009 (Tables 4 and 5 ).
Effects of fire and season on evapotranspiration
On an annual basis, ET summed over each year of the study showed differences among sites and over the study period (Table 1 ). The intermediate site consistently had the highest annual ET. During the extreme drought year of 2011, ET was lowest at all sites (594, 753, 642 mm, at the mesic, intermediate and xeric sites, respectively), and was much lower at the mesic site than it was in the two preceding years (Table 1) . During the first two years of the study, ET was higher at the mesic site than at the xeric site, but during extreme drought over the final year of the study, the relationship switched and ET was higher at the xeric sites than at the mesic site (Table 1) .
Comparisons of mean daily ET during the winter and summer show how ET varied among sites over the study period (Table 4) . ET was significantly lower at all sites during the winter than in the summer ( p , 0.0001; Table 5 ); however, there were no significant differences by site or year. During wintertime, mean daily ET was similar among the study sites within each year of the study (Table 4) . Within individual sites, the most pronounced difference in wintertime ET was at the intermediate site where mean daily ET was much lower in 2011 (Table 4) . During the summer, the most pronounced difference in mean daily ET within site was at the mesic site where mean daily ET was much lower in 2011 (Table 4) . We found clear thresholds in the reduction of LE as a function of VPD for all sites (Fig. 6 ). Thresholds were approximately 1.7, 2.1 and 2.3 KPa for the mesic, intermediate and xeric sites, respectively (Fig. 6) .
DISCUSSION
Environmental drivers of energy dynamics
Temperature extremes during our study period (Fig. 1b) compare well to long-term mean monthly temperature minima and maxima for the area of 9.18C and 27.28C, respectively (NCDC 2011). Long-term average annual precipitation in the study area was 1310 mm and distributed evenly throughout the year (Christensen 1981) . During the first year of the study, total annual precipitation was near the long-term average and became below average during the second and third year of the study, which led to prolonged drought (Table 1 ). Afternoon convective rain over the study area can vary in intensity and occurrence over the 5 km separating the sites, and likely can be attributed to some of the variation in precipitation among sites.
Over the final two years of the study, the drought conditions decreased VWC and increased summertime VPD, which affected the energy partitioning at all sites (Table 1, Fig. 1 ). Increases in LE with R n and T air likely reflect both diurnal and seasonal effects, and reflect the ecosystems' ability to access available water and meet the evaporative demands of the atmosphere. LE, R n and T air were all higher during the day, and on an annual scale, LE, R n and T air were all higher during the summer (Fig. 1a, b) . As the long term drought progressed through the study period, VWC progressively decreased, reflecting the ecosystems' inability to access available water and meet the evaporative demands of the atmosphere, thereby reducing LE flux and progressively (and consistently among (Table 4) . Longleaf pine trees can compensate for drought by accessing groundwater via deep taproots (Wahlenberg 1946) . Our study sites were located on property that is surrounded by agricultural fields, most of which pump well- ' ---.__ -- water for summertime irrigation (Hook et al. 2005) . During drought, demand on groundwater is larger regardless of land cover type, but depletion of groundwater through pumping may have placed the water table out of reach of most longleaf pine taproots. On a regional scale, lower-than-normal groundwater table can also decrease LE (Nichols 1994 , Cooper et al. 2006 . The extreme drought during 2011 likely has also influenced our LE estimates, as water tables were more than 3 m lower than average for much of the year, and were nearly 4 m lower during the summer (U.S.G.S 2012). In addition, ecosystem-level P. palustris stoma- tal conductance responds to increasing VPD (Addington et al. 2006 , Powell et al. 2008 ). Increased summertime VPD over the final two study years is an indication of decreased ecosystem-level VWC, and plant response to water stress through reduced stomatal conductance and decreased ET. Similar reductions in stomatal conductance in response to water shortage have been found in pitch (Clark et al. 2012 ) and loblolly pine (Domec et al. 2009 ) ecosystems of the eastern United States. Powell et al. (2008) found that stomatal closure occurred at VPD . 1.5 kPa which moderated transpiration in a mixed slash pine/longleaf pine forest in Florida. This study found stomatal closure between 1.75 and 2.0 kPa depending on site characteristics (Fig. 6) , implying that the Florida site likely had more available water compared to this study. VPD and VWC have strong statistical significance in our models (Table 3) ; however, these models do not explain the relationship among environmental and physical relationships. Inputs into the ecosystem are R n and precipitation; these inputs combined with soil physical properties and physiological activities play an important role in controlling the amount of available soil water. The soil-plant-atmosphere continuum creates tension as water travels from the soil to the atmosphere. This tension changes as a result of changes in VPD. In this case, VPD is the interactive product of the amount of available water, the rate at which R n changes, and the plant's ability to hold the water and respond to the changes in R n (assuming little or no evaporation, and ignoring what is used for metabolism). Of course, if the plant cannot maintain the flow of water through this continuum, it exerts control on the only place it can, its stomata, thereby shutting off ET and by default increasing VPD. Thus, sometimes increases in VPD are casual, and other times resultant. The plants' ability to move water through the soil-plantatmosphere continuum via ET embodies these interactive controls, and its ability to respond to changes in R n is expressed in the portioning of energy as the b. Similar to the environmental physical relationships of LE, increases in H by definition increases T air (Eq. 1b); one is not the resultant of the other (though statistically significant). In summary, these interactive processes and drivers have specific importance when interpreting the causal and resultant effects in the results presented here, i.e., effects of managed fires, drought, and potential access to deep water.
Frequent fires
Prescribed fires in 2009 and 2011 affected energy exchange at all three sites, but there are likely other effects attributed by other secondary, temporally transient environmental physical relationships. For example, immediately after the fire, the (1) statistically significant increase in G during FCT 1 (Table 3 , Fig. 5b ) can be explained ecologically by the consumption of understory plant material and deposition of charcoal and black carbon by fire, (2) reduction of leaf area decreased the capacity for ET (Whelan et al. 2013) , and (3) darkening of the soil surface lowered albedo and increased the amount of energy absorbed by the ecosystem (Fig. 1e ; Jin and Roy 2005) , which can change the magnitude and partitioning of the other components, as seen following fire in the savanna ecosystems of Australia (i.e., LE, H, G; Beringer et al. 2003) .
Recovery of the ecosystem from fire is evident, strongly suggesting a high capacity of resiliency in this ecosystem (Starr et al. 2014) , as evidenced in the return of flux rates to pre-fire conditions in FCT 2 within a short time period, 31-60 d (Figs.  2, 3) . Stomatal conductance is often highest as new leaves flush in the spring and decreases over the growing season (Wilson et al. 2000) , and hence, as leaf area recovered in FCT 2, LE flux also increased relative to increases in R n . further suggesting the ecosystem's ability to access soil water and maintain the meet the evaporative demands of the atmosphere.
Part of the resiliency of longleaf pine ecosystems to fire is due to little or no damage to the overstory (Mitchell et al. 1999 , Whelan et al. 2013 , Starr et al. 2014 . The fires were focused on the ground, and the vertical spatial separation between the understory and overstory isolated the effects of the fire. Hence, there was likely little alteration to the overstory's albedo, radiative transfer through the ecosystem canopy, and the fraction of total R n absorbed at the canopy-level.
With the overstory minimally affected by fire, the change to the albedo of the ecosystem was small and occurred at the soil surface. In contrast, prescribed fire in a pitch pine ecosystem in New Jersey resulted in significant decreases in canopy leaf area and ET (Clark et al. 2012 ). Jin and Roy (2005) found that albedo decreased less in woody savannas than in open grasslands following fire in Australia because the above canopy was not affected by the fire. The timing of the burns also likely mitigated some of the effects of fire on energy dynamics. Because understory vegetation is dominated by C 4 grasses and is largely dormant during the winter, LE flux from the understory was relatively small and whole ecosystem energy flux was dominated by H (Powell et al. 2005) . Therefore, the influences of fire on energy dynamics are largely limited toand attributed towards-changes in understory leaf area and ground-level surface albedo.
Seasonal energy dynamics
The b at our study sites were significantly smaller during the summer than during the winter for 2009 and 2010 (Table 4) . This pattern is similar to findings from a mixed slash pine (P. elliottii var elliotti ) and longleaf pine forest (Powell et al. 2005) and from a loblolly pine (Pinus taeda) forest (Sun et al. 2010) , which also experienced drought conditions. However, we assume a larger relative fraction of LE came from the understory in Powell et al. (2005) , which was dominated by Serenoa repens (Bartr.) and had higher leaf area index (LAI) and total basal area than that the understory at our site. Even though the longleaf pine and wiregrass that dominate our sites is better suited to drier conditions ) than well-watered P. elliotti and S. repens, in 2011 our b were significantly higher at all sites and the pattern was reversed for the mesic site (Table 4) . We interpret these results as the combination of reduced LAI and reduced hydraulic function of the mesic overstory (Whelan et al. 2013) . Powell et al. (2005) also observed an abnormally large needlecast in May during the drought which was not seen at our sites. Other research at our sites has found that while xeric site trees retained their needles during drought, the mesic site reduced canopy LAI by approximately 30% (Wright et al. 2012) . Addington et al. (2006) also noted differences in hydraulic architecture and stomatal conductance in trees on xeric sites that may limit transpiration and LE relative to mesic sites.
The low b of 0.28 at the mesic site in summer 2009 was not during the drought, and may be partially explained by the site's proximity to surface water (Table 4) (Winter 1999) . The mesic site is less than 2 km from the Flint River to the south. The xeric site, while near the Ichauwaynochaway creek, has limited access to deep soil water due to its deep sandhill substrate, and the intermediate site is the furthest from any river or stream.
Evapotranspiration
We saw a reduction in ET with fire and more so with drought. These results agree with Beringer et al. (2003) , which showed ET decreased significantly following both low and moderate intensity fire in a eucalypt dominated savanna in Australia. However, unlike our results, the reduction in post-fire ET rates following moderate intensity fires was attributed to increased leaf scorch in the crown and mortality (Beringer et al. 2003) . Similarly, following prescribed fire in a pitch pine forest, Clark et al. (2012) attributed decreased ET to a 26% reduction in overstory leaf area. In this study, low physiological activity in the understory during wintertime coupled with little to no fire damage to the overstory tree canopy resulted in either a small or a transient decrease in ET with rapid recovery.
In comparison, winter and summer mean daily ET rates were similar to values reported for pine dominated ecosystems on the Atlantic Coastal Plain, which ranged from 0.5 mm in the winter to 3.9 mm in the summer (Powell et al. 2005 , Sun et al. 2010 , Clark et al. 2012 . Particularly, Powell et al. (2008) reported winter mean daily ET rates of 1.3 mm (per 30-min average), which correspond well to our findings, and summer mean daily ET rates of 2.7 mm, which were slightly lower than summertime ET rates in this study. Higher ET during the summertime can largely be explained by increased physiological activity in the plant community. Decreases in wintertime ET between 2009 and 2011 illustrates the influence of the prolonged drought. Overall, changes in water availability had a stronger influence on energy dynamics than did fire. Decreasing moisture availability likely reduced stomatal conductance, transpiration and ET. The lower variability in annual ET observed shows how differences in hydraulic architecture and stomatal conductance in trees at more xeric sites make them better adapted to cope with drought (Addington et al. 2006) .
The patterns that link energy balance and carbon uptake after fire may not be intuitive. As noted above, change in LE and H was observed after fire due to the loss of understory leaf area and altered ground-level albedo. Overstory canopy was not affected and continued to transpire pending the availability of water. After the initial loss of carbon at ignition, the change in ground-level albedo slightly increased soil temperatures, which in turn equated to large soil effluxes (Sierra et al. 2011) . And while the capacity of carbon uptake by the overstory was also not altered, the increased soil effluxes ameliorated the daily net carbon exchanges. Interestingly, both carbon uptake and the component energy balance fluxes returned to pre-fire rates after ;30-45 d (Starr et al. 2014) , demonstrating resiliency. Low intensity, high-frequency fires have been credited with maintaining savanna systems' biodiversity, structure and function (Gleason 1913 , Garren 1943 , Glitzenstein et al. 1995 , Peterson and Reich 2001 , and supporting the systems' resiliency (Holling 1973, Gunderson and Holling 2002) . This is the first study that has demonstrated resiliency in ecosystem function in both carbon uptake and energy balance from a fire managed ecosystem.
CONCLUSION
Over the study period drought affected energy exchange to a greater degree than prescribed fire. The rates and the fraction of energy portioning return to pre-fire rates within 30-60 d, providing strong evidence of resiliency. The concept of resiliency is usually supported by maintenance of plant community composition and biodiversity. Here, we present ecosystem function response to prescribed fire as evidence of resiliency. The partitioning of LE and H changed with fire, primarily due to the consumption of understory vegetation and subsequent lower albedo, and increased, albeit small, G rates. More significantly, the partitioning of R n to more H during drought was also the result of the ecosystems' inability to access available water and meet the evaporative demands of the atmosphere. Variables such as T air (both in the case of LE and G), and VPD (in the case of H ) are resultant not causal, even though they are statistically significant.
This study investigated how interactions between frequent fire and changing environmental and climatic variables affect energy partitioning in longleaf pine savannas. Uncertainties in how energy dynamics are affected by the continuing, long-term complex interactions between changing water availability and frequent fire highlight the need for more in-depth study. For example, our study could not determine if there were additional positive feedback mechanisms between drought and increased H that further exacerbate conditions to foster more H, such as the societal needs for increased water consumption in the southeastern United States, and changing regional climate. Predictions of altered precipitation patterns will continue to affect the complex interactions between fire, water availability and energy exchange in the near future. Thus, we argue that studies must be conducted over longer time periods and over a larger range of environmental conditions to develop a greater understanding of the complex changes that are occurring now and that can inform a prognostic capability. These changes will have significant implications for water cycling, water management, and energy partitioning in savanna ecosystems worldwide. of our sponsors. Finally, A. Whelan would like to acknowledge the support of the Starr lab and all its denizens past, present and in the future. 
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